Long-lasting forms of synaptic plasticity involve modification of presynaptic strength in many brain regions. Although a presynaptic site for expression is well established, the detailed molecular mechanisms that lead to sustained changes in neurotransmitter release remain unclear. Here, we use acute in vivo genetic manipulation of synaptic proteins to investigate the molecular basis for presynaptic long-term potentiation (LTP) at hippocampal mossy fiber synapses. Munc13 proteins are active zone proteins that are essential for synaptic vesicle priming and neurotransmitter release. Munc13 proteins also interact with RIM1␣, an active zone protein required for presynaptic long-term plasticity. By taking advantage of the observation that the RIM-binding domain of Munc13 is separable from the domain that is required for neurotransmitter release, we selectively tested whether Munc13-1 is an effector for RIM1␣ in presynaptic LTP. Our results provide the first evidence for the involvement of Munc13-1 in presynaptic long-term synaptic plasticity. We further demonstrate that the interaction between RIM1␣ and Munc13-1 is required for this plasticity. These results advance our understanding of the molecular mechanisms of presynaptic plasticity and suggest that modulation of vesicle priming may provide the cellular substrate for expression of LTP at mossy fiber synapses.
Introduction
Neurotransmitter release via synaptic vesicle exocytosis is a central event in neuronal communication. It is restricted spatially to presynaptic active zones. Active zone proteins organize the docking and priming of synaptic vesicles, and mediate activity-dependent changes of release in short-and long-term forms of synaptic plasticity (Rizo and Rosenmund, 2008) .
Munc13 proteins are a family of active zone proteins (Munc13-1, Munc13-2, Munc13-3, and Munc13-4). Munc13 proteins are required for neurotransmission; in the absence of Munc13 proteins, there is a complete loss of spontaneous and evoked synaptic transmission (Augustin et al., 1999; Rosenmund et al., 2002; Varoqueaux et al., 2002) . The roles of Munc13-1 and 13-2 in basal release properties and short-term synaptic plasticity have been extensively studied. Current evidence supports an essential role for the MUN domain in vesicle priming (Basu et al., 2005; Stevens et al., 2005) , a regulatory role for the C 2 A domain in vesicle priming (Betz et al., 2001; Deng et al., 2011) , and roles for the C2 domains, C1 domain, and calmodulin-binding (CaMb) sequence in short-term synaptic plasticity (Junge et al., 2004; Basu et al., 2007; Shin et al., 2010) . The contributions of Munc13 proteins to long-term forms of synaptic plasticity are much less studied. Munc13-2 knock-out mice have normal long-term presynaptic plasticity at mossy fiber synapses in the hippocampus (Breustedt et al., 2010) . However, the involvement of Munc13-1, the major Munc13 protein in the brain, in long-term presynaptic plasticity has not yet been tested.
Presynaptic forms of long-term plasticity are widely expressed throughout the brain, having been described in regions such as the cortex, cerebellum, hippocampus, thalamus, amygdala, and striatum (García-Junco-Clemente et al., 2005; Heifets and Castillo, 2009) . Presynaptic long-term potentiation (LTP) is associated with an increase in release probability (Weisskopf and Nicoll, 1995; Salin et al., 1996) , but further understanding of the cellular basis for this change in release probability is not known. At the molecular level, presynaptic LTP is known to require protein kinase A, the synaptic vesicle protein, Rab3A, and the active zone protein, RIM1␣ (Huang et al., 1994; Weisskopf et al., 1994; Castillo et al., 1997 Castillo et al., , 2002 Villacres et al., 1998; Fourcaudot et al., 2008) . RIM1␣ binds to the N-terminal C 2 A domain of Munc13 (Betz et al., 2001; Dulubova et al., 2005) and can regulate priming through this interaction . In this study, we investigated whether Munc13-1 and its interaction with RIM1␣ are involved in presynaptic LTP.
To do this, we took advantage of an approach we recently developed to probe the molecular mechanisms of presynaptic LTP (Yang and Calakos, 2010) . We acutely expressed proteins in hippocampal granule cells using in vivo viral-mediated gene delivery and monitored the effects on mossy fiber LTP (mfLTP), a well characterized form of presynaptic LTP (Nicoll and Schmitz, 2005) . We show that disruption of Munc13-1 function, by expressing either the RIM-binding domain of Munc13-1 or a RIM1␣ protein that does not bind Munc13, inhibits mfLTP. Furthermore, disruption of RIM1␣'s ability to bind Munc13 also disrupts RIM1␣'s ability to rescue mfLTP in RIM1␣ knock-out (KO) mice. These results identify for the first time, a role for Munc13 proteins in presynaptic LTP and further show that an interaction between Munc13-1 and RIM1␣ underlies the requirement for Munc13-1 in mfLTP.
Materials and Methods
Plasmids and virus preparation. Rat RIM1␣ cDNA was kindly provided by Dr. Thomas Südhof (Stanford University, Palo Alto, CA) and contains the ⌬83-105 splice variant at splice site A (Wang et al., 1997) . Rat Munc13-1 cDNA was kindly provided by Dr. Christian Rosenmund (Universitätsmedizin Berlin, Berlin, Germany) (Betz et al., 2001 (Kim et al., 2004) . The N-terminal fragment of Munc13-1 (amino acids 1-451) was PCR amplified from Munc13-1 cDNA and subcloned into pSINrep (nsP2S 726 ). An internal ribosomal entry sequence (IRES) and EGFP cDNA were subcloned from pSR5I2E (Marie et al., 2005) and inserted 3Ј of the synaptic protein cDNAs. Concentrated Sindbis viruses were generated as previously described (Yang and Calakos, 2010) . Control virus expressed only EGFP downstream of the IRES sequence. Test viruses expressed synaptic protein cDNA upstream of the IRES and EGFP sequences. Minimum estimates of viral overexpression levels based on immunohistochemistry of RIM1␣ indicate greater than 10-fold increases over wild-type levels (data not shown). Viral identities were unknown to the investigator during in vivo injection, data acquisition, and analysis.
Mice. RIM1␣ Ϫ/Ϫ mice were provided by Dr. Thomas Sü dhof. Mice were generated and colony maintained as previously described Yang and Calakos, 2010) . Wild-type mice were obtained from RIM1␣
Ϫ/Ϫ breeding. All parents of experimental subjects were obtained from the breeding colony, which was maintained exclusively by RIM1␣
ϩ/Ϫ mating. Stereotaxic injection. Stereotaxic injection was performed as previously described (Yang and Calakos, 2010) . Briefly, 50 nl of concentrated Sindbis (nsP2S 726 ) virus was injected (flow rate of 23 nl/s) into the dentate gyrus of the hippocampus bilaterally. Initial injection coordinates relative to bregma were anterior 2.00 mm, mediolateral 1.20 mm, dorsoventral 2.00 mm. Five additional 50 nl injections occurred each 0.05 mm during withdrawal of the injection cannula. Virus was delivered using Nanoject II (Drummond Scientific) and the cannula remained at each location for 1 min after infusion.
Electrophysiology. Acute transverse hippocampal slices (300 m) were prepared from mice 2-8 d after surgery. Infected slices were selected for use if EGFP fluorescence was detectable in more than half of the area of the dentate gyrus viewed in the horizontal plane (Yang and Calakos, 2010) . External recording solution contained the following (in mM): 119 NaCl, 2.5 KCl, 1.3 MgSO 4 , 2.5 CaCl 2 , 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 , and 10 D-glucose (saturated with 95% O 2 and 5% CO 2 ). Slices were perfused at 2 ml/min at room temperature during recordings. A monopolar stimulation electrode with 2 M NaCl was placed in a region of stratum granulosum with EGFP fluorescence. Mossy fiber responses were monitored at room temperature every 20 s by extracellular field potentials (fEPSPs) from the stratum lucidum in the CA3 area, or by NMDA receptormediated EPSCs (NMDAR-EPSCs) from CA3 pyramidal cells in wholecell configuration at ϩ40 mV in the presence of NBQX (10 M) and picrotoxin (100 M). Extracellular recording pipette contained 2 M NaCl. K144/146E exhibit similar paired-pulse facilitation to those expressing control EGFP virus, at interstimulus intervals ranging from 20 to 500 ms. Representative traces are an average of 5 sweeps. F, Paired-pulse ratio in whole-cell recording of mossy fiber NMDAR-EPSCs at interstimulus intervals of 40, 100, and 300 ms. Representative traces are an average of 10 sweeps. G, Wild-type hippocampal slices expressing RIM1␣ K144/146E exhibit similar frequency facilitation and sensitivity to DCG-IV to those expressing control EGFP virus. Representative traces are an average of five sweeps. Sample sizes are as follows: C, D (slices/mice)-EGFP, 6/3; Munc13-1(1-451), 11/4; RIM1␣ K144/146E , 13/5; RIM1␣, 13/9; E, G (slices/mice)-EGFP, 14/5; RIM1␣ K144/146E , 11/3; F (cells/mice)-EGFP, 10/5; RIM1␣ K144/146E , 7/3.
Whole-cell recording pipette internal solution (pH 7.2; 297 mOsm) contained the following (in mM): 123 cesium gluconate, 10 CsCl, 8 NaCl, 1 CaCl 2 , 10 EGTA, 10 HEPES, and 10 glucose. Baseline stimulation intensity was adjusted to yield fEPSPs between 0.4 and 0.7 mV or NMDAREPSCs between 50 and 300 pA. Mossy fiber contribution to responses was determined at the end of each experiment by sensitivity to pharmacological blockade by DCG-IV, a group II metabotropic glutamate receptor agonist that selectively suppresses mossy fiber synaptic transmission (Kamiya et al., 1996; Nicoll and Schmitz, 2005) . Data were included only if the DCG-IV-insensitive response was Ͻ10% of the initial baseline amplitude. Mossy fiber LTP was induced by a single tetanus (25 Hz for 5 s) in the presence of an NMDA-type glutamate receptor antagonist (50 M APV) from 5 min before to 2 min following tetanic induction . Mossy fiber LTP is reported as the average fEPSP amplitude during the 50 -60 min post-tetanus period relative to the 10 min baseline period. Data were acquired at 10 kHz and filtered at 1 kHz. 
Results
The 1-451 fragment of Munc13-1 inhibits mossy fiber LTP In prior studies, expression of the 1-451 Munc13-1 fragment in autaptic cultured hippocampal pyramidal neurons reduced synaptic vesicle priming and the amplitude of evoked excitatory synaptic responses (Betz et al., 2001) , demonstrating that this fragment is biologically active in inhibiting known functions of Munc13-1. This region of Munc13-1 includes the C 2 A domain that confers RIM-binding, but none of the other defined functional domains (Fig. 1A) (Betz et al., 2001; Basu et al., 2005) . To test the role of Munc13-1 in mfLTP, we acutely expressed Munc13-1 (1-451) in hippocampal granule cells of wild-type mice by in vivo injection of a modified Sindbis virus (Kim et al., 2004) into the dentate gyrus. As previously reported (Yang and Calakos, 2010) , we found that slices expressing control EGFP protein alone exhibited robust mfLTP, measured by the response 50 -60 min after induction (Fig. 1C,D) (148 Ϯ 3%, 6 slices/3 mice). In contrast, expression of Munc13-1 (1-451) significantly impaired mfLTP (Fig. 1C,D) (119 Ϯ 6%, 11 slices/4 mice; p ϭ 0.0004 vs EGFP control). These results identify a role for Munc13-1 in mfLTP and support the possibility that this effect might be mediated by its interaction with RIM.
RIM1␣-Munc13 interaction is involved in mossy fiber LTP
Because the N-terminal region of Munc13-1 has also been reported to associate with other active zone proteins besides RIM (Wang et al., 2009) , we specifically tested the significance of the RIM1␣-Munc13-1 interaction for mfLTP. In prior studies, a K144E/ K146E mutation of RIM1␣ was shown to specifically abolish Munc13 binding without altering the binding of other proteins known to interact with the N terminus of RIM␣ . Therefore, we tested the effect of expressing mutant RIM1␣ K144/146E on mfLTP. Viral-mediated acute expression of mutant RIM1␣ K144/146E in hippocampal granule cells of wildtype mice significantly inhibited mfLTP (Fig. 1C,D) (124 Ϯ 6%, 13 slices/5 mice; p ϭ 0.002 vs EGFP control). Importantly, similar expression of wild-type RIM1␣ protein had no effect on mfLTP (Fig. 1C,D) (151 Ϯ 7%, 13 slices/9 mice; p ϭ 0.72 vs EGFP, p ϭ 0.006 vs RIM1␣ K144/146E ). This result indicates that the observed mfLTP impairment is not due to exogenous, viral-mediated overexpression of active zone proteins, but specifically results from disrupting the RIM1␣-Munc13 interaction. Thus far, two independent approaches demonstrate a role for Munc13-1 in mfLTP. Of note, the degree of mfLTP impairment is similar between slices expressing Munc13-1 (1-451) and those expressing RIM1␣ K144/146E ( p ϭ 0.61), consistent with the idea that these two manipulations act through a common mechanism.
Because active zone proteins may alter short-term plasticity and such effects might occlude mfLTP, we further investigated whether changes in short-term plasticity were associated with the effect on mfLTP. Acute expression of RIM1␣ K144/146E in hippocampal granule cells did not alter paired-pulse ratios of fEPSPs or NMDAREPSCs across a range of interstimulus intervals (Fig. 1E,F) (fEPSP p ϭ 0.22; NMDAR-EPSC, p ϭ 0.74; ANOVA), frequency facilitation ( Fig. 1G) , 261 Ϯ 16%; p ϭ 0.86), or sensitivity to the group II metabotropic glutamate receptor agonist DCG-IV (Fig. 1G ). These findings demonstrate that impairment of mfLTP by RIM1␣ K144/146E is not associated with altered shortterm plasticity at mossy fiber synapses.
RIM1␣-Munc13 interaction is required for rescue of mfLTP in RIM1␣
؊/؊ mice Experiments thus far provide evidence that disruption of the RIM1␣-Munc13-1 interaction is sufficient to disrupt mfLTP in wild-type synapses. In prior studies, we reconstituted mfLTP in RIM1␣ KO mice by acutely expressing wild-type RIM1␣ protein (Yang and Calakos, 2010) . Using this approach in the present study, we tested whether the interaction of RIM1␣ with Munc13 was necessary for this reconstitution. First, we found that, as previously reported (Yang and Calakos, 2010) , acute expression of wild-type RIM1␣ protein rescued mfLTP, indicated by a sustained increase in response 50 -60 min after induction (Fig. 2) (RIM1␣, 142 Ϯ 9%, 11 slices/6 mice; EGFP control, 117 Ϯ 7%, 8 slices/6 mice; p ϭ 0.036). Second, we found that when mutant RIM1␣ K144/146E protein was expressed, this long-lasting increase in neurotransmission was not observed (Fig. 2) (124 Ϯ 4%, 10 slices/6 mice; p ϭ 0.38 vs EGFP control). These findings show that an interaction between Munc13 and RIM1␣ is required to restore mfLTP.
Discussion
Presynaptic forms of long-term synaptic plasticity are expressed widely throughout the brain and are likely substrates for learning, memory and adaptive behaviors. Here we identify for the first time a role for Munc13 proteins in presynaptic long-term plasticity. Munc13-1 is required for vesicle priming (Rizo and Rosenmund, 2008) , and more recent evidence indicates that RIM1␣'s interaction with Munc13-1 is a key regulator of this process . Because our results show that interaction with RIM1␣ is required for Munc13-1's effects on mfLTP, our results also suggest that modulation of vesicle priming is a likely cellular basis for the change in presynaptic release probability that underlies mfLTP.
Munc13 proteins are required for making synaptic vesicles competent for release, a process commonly referred to as "priming" (Augustin et al., 1999) . In the absence of full-length Munc13 proteins (Munc13-1 and Munc13-2 double KO mice), no vesicle priming was detected in hippocampal excitatory synapses of autaptic cultured pyramidal neurons (Varoqueaux et al., 2002) . A domain sufficient for vesicle priming has been defined in the C-terminal region of Munc13 (Betz et al., 2001; Basu et al., 2005; Stevens et al., 2005) . Although the N-terminal (1-451) region of Munc13-1 did not have priming activity (Betz et al., 2001) , it may regulate vesicle priming. Expression of the 1-451 region in wildtype autaptic cultured pyramidal neurons inhibited vesicle priming (Betz et al., 2001) . RIM proteins are also implicated in vesicle priming, but current data point to a regulatory rather than essential role. In mice lacking full-length RIMs, vesicle priming was reduced at hippocampal excitatory synapses of autaptic cultured pyramidal neurons (50% reduction in RIM1␣ KO mice) (Calakos et al., 2004) and at inhibitory synapses of cultured hippocampal neurons (70% reduction in RIM1 and RIM2 double KO mice) Kaeser et al., 2011) . Most recently, direct evidence that RIM regulates the amount of vesicle priming and does so through its interaction with the Munc13 C 2 A domain has been reported .
Altogether, these results predict that the RIM1␣-Munc13-1 interaction that we disrupt in the present study might alter the amount of primed vesicles, either basally or the dynamic regulation thereof. We did not find evidence that vesicle priming was altered basally because such a disruption would alter short-term plasticity (Zucker and Regehr, 2002 ) and short-term plasticity was not affected when the RIM1␣-Munc13 interaction was disrupted (Fig. 1 E-G) . Rather, we observed functional effects of disrupting the RIM1␣-Munc13-1 interaction only under conditions where synaptic strength was dynamically regulated, i.e., in mfLTP. Our results in combination with prior observations suggest that the role of the RIM1␣-Munc13-1 interaction may differ between synapse types-being important for basal release in pyramidal synapses (Betz et al., 2001 ) and long-term plasticity in mossy fiber synapses. Such a possibility is consistent with prior observations that RIM1␣ deletion impaired long-term but not short-term plasticity at mossy fiber synapses yet impaired release probability and short-term plasticity at pyramidal synapses .
Dynamic regulation of the amount of primed vesicles is a plausible mechanism to achieve the change in synaptic release probability that is associated with presynaptic LTP (Weisskopf and Nicoll, 1995) because the amount of primed vesicles positively correlates with synaptic release probability (Dobrunz and Stevens, 1997; Hanse and Gustafsson, 2001) . While this is plausible, our current results are unable to discriminate between effects on induction and expression of LTP, nor are they able to determine whether the effects are indeed through the actions of the RIM1␣-Munc13-1 interaction on vesicle priming as opposed to another, as yet undefined, function for this interaction. Last, while one manipulation selectively altered Munc13-1, the RIM1␣ mutation disrupts RIM1␣ binding to both Munc13-1 and Munc13-2 Deng et al., 2011) . However, the interpretation of our results is facilitated by recent observations that demonstrate that Munc13-2 does not have a role in LTP at mossy fiber synapses (Breustedt et al., 2010) . In summary, our study clearly defines a role for the RIM1␣-Munc13-1 interaction in mfLTP. Further testing of the cellular consequences of this interaction will require technical advances to enable monitoring of primed vesicles in brain slices and single synaptic release events at mossy fiber terminals.
A separate revealing observation in the present study is that overexpression of wild-type RIM1␣ in wild-type neurons neither occludes nor augments mfLTP. The lack of mfLTP occlusion by RIM1␣ overexpression supports previous observations that RIM1␣ has no significant contribution to basal release properties or short-term plasticity at these synapses Yang and Calakos, 2010) . The lack of mfLTP augmentation by overexpressing RIM1␣ in wild-type neurons indicates that protein levels of RIM1␣ do not influence the magnitude of mfLTP. This observation suggests that another constraint for the magnitude of mfLTP exists other than protein expression levels of RIM1␣.
Finally, although presynaptic long-term plasticity is widely expressed, molecular dissection of mechanisms underlying presynaptic forms has lagged behind the study of postsynaptic mechanisms for long-term synaptic plasticity, partly because of technical challenges. Using an approach that can acutely genetically modify synapses in vivo and can modify sufficient numbers of presynaptic inputs so that measuring synaptic transmission via the postsynaptic response is not significantly confounded by unmodified inputs, we have been able to identify a new mediator of presynaptic LTP. In the past, proteins have been implicated in presynaptic plasticity through study of gene knockout models (Castillo et al., 1997 Villacres et al., 1998; Breustedt et al., 2010) -an approach that is not possible for the study of Munc13-1 because knock-out mice are inviable, and gene deletion eliminates neurotransmission. Thus, in vivo genetic manipulation of mossy fiber synapses provides a unique opportunity for interrogating protein functions in presynaptic LTP and reveals in this study a previously unknown role for Munc13-1 in presynaptic LTP.
